INTRODUCTION
Reduced pulmonary function is an important predictor of cardiorespiratory morbidity and mortality, and chronic obstructive pulmonary disease (COPD), [1] [2] [3] which was the third leading cause of death in China. 4 There has also been a growing body of evidence suggesting that exposure to heavy metals such as arsenic, cadmium and lead, is associated with cardiopulmonary disease. [5] [6] [7] [8] However, evidence for the association of exposure to metals with altered pulmonary function, restrictive lung disease (RLD) and obstructive lung disease (OLD) risks among the general Chinese population, is largely unclear. Several epidemiological studies have focused on investigating the relationships of altered pulmonary function with exposure to arsenic from
Strengths and limitations of this study
▪ This is the first study using urinary data to investigate the associations of multiple metals with altered pulmonary function, and restrictive lung disease (RLD) and obstructive lung disease (OLD) risks, among the general Chinese population. ▪ We observed consistent evidence of doseresponse associations of iron and lead with altered pulmonary function and chronic obstructive pulmonary disease risk. ▪ Some metal concentrations in urine may not reflect real environmental exposure, and may therefore result in possible exposure misclassification. ▪ We estimated the levels of exposure to metals based on body burden data, which may not clarify the potential exposure pathway. ▪ Causal inferences cannot be made between metals and pulmonary function, and RLD and OLD risks, because of the cross-sectional design of the study.
drinking water, cadmium and lead from cigarette smoking, [9] [10] [11] [12] iron and copper from dietary intake, 13 14 and multiple metal irons in particulate matter. 15 However, little is known of the relationship between exposure to various metals from all possible routes and altered pulmonary function. Given the fact that humans are exposed concomitantly to multiple metals through a variety of routes such as dietary intake, air particulate inhalation and drinking of water, it may be important for us to evaluate the health effects of various metals from all possible routes on pulmonary function.
Body burden monitoring of metals with theoretical advantages accounting for interindividual differences and all exposure routes is a useful tool to assess exposure to multiple metals. A recent study revealed that urinary arsenic was especially associated with impaired pulmonary function among 950 Bangladeshi patients with respiratory disease. 16 Nevertheless, evidence from the general population with a large sample size is so far scarce. Moreover, although there is clear evidence that cigarette smoking is a major determinant for impaired pulmonary function and OLD risk, knowledge regarding the interaction effects of exposure to metals and smoking habits on pulmonary function was limited.
In the present study, we aimed to examine the associations of spirometric parameters, RLD, OLD and spirometrically defined COPD, with the urinary levels of 23 nutrient elements and heavy metals including aluminium, titanium, vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc, arsenic, selenium, rubidium, strontium, molybdenum, cadmium, tin, antimony, barium, tungsten, thallium, lead and uranium, among 2460 community-living Chinese adults. We also investigated the potential interaction of metals with smoking status on pulmonary function.
METHODS

Study population
We reported the baseline cross-sectional data from the Wuhan cohort study. Detailed information about the study designs and populations is provided in online supplementary material. The present analysis included 2460 participants from the cohort with available data of pulmonary function, urinary metals and other covariates.
Definition of RLD and OLD
We considered participants who responded that they currently had asthma, bronchitis and emphysema, and participants with self-reported and spirometry-defined COPD (forced expiratory volumes in 1 s, FEV 1 /forced vital capacity (FVC) ratio <70%) to have a current diagnosis of OLD. We defined other participants with FEV 1 /FVC ratio ≥70% and FVC <80% predicted as patients with RLD.
Determination of urinary metals and creatinine Metals in urine were analysed by inductively coupled plasma mass spectrometry. Duplicate analysis, spiked pooled sample, National Institute of Standards and Technology (NIST) Standard Reference Material (SRM) 2670a and 1640a, were used for quality control. A detailed description of the determination of urinary metal and quality control is included in online supplementary material. Urinary creatinine concentrations were measured by a fully automated clinical chemistry analyser.
Pulmonary function testing
Spirometry was performed using a digital spirometer interfaced to a computer (Chestgraph HI-101, CHEST MI, Inc, Tokyo, Japan) calibrated each morning according to the manufacturer's instruction. All spirometric examinations were performed with the participants in sitting position, wearing a nose clip and using a disposable mouthpiece. Each participants was asked to perform three satisfactory blows according to the recommendations of the American Thoracic Society. Values used in this analysis included the FVC, FEV 1 and the ratio of FEV 1 to FVC.
Statistical analysis
All analyses were conducted with the use of SPSS software. A p<0.05 was considered statistically significant. Generalised linear regression models were used to assess the dose-response associations of FVC, FEV 1 , FEV 1 /FVC ratio with 23 urinary metals as well as the interactions of metals with smoking status due to the skewed distribution of pulmonary function parameters. We also adopted logistic regression models to investigate the potential associations of RLD and OLD with 23 urinary metals. In order to robustly correct for multiple hypothesis tests, we used positive false discovery rate (FDR) method to adjust each P from 23 hypothesis tests. The FDR-adjusted p value was calculated using a spreadsheet software provided by Pike. 17 A p value was considered significant when the FDR-adjusted p value of the test was less than 0.05. Finally, we examined the correlation between COPD and spirometry-related metals. Detailed illustrations of the statistical analysis are provided in online supplementary material.
RESULTS
Descriptive statistics of participants
The basic characteristics and pulmonary function parameters of the 2460 participants with and without lung diseases are summarised in table 1. The study population with a mean age of 52.3 years consisted of 1630 participants with normal pulmonary function, 602 individuals with RLD and 228 participants with OLD, which included 70 patients with COPD.
Distribution of urinary metals
The urinary excretion levels of 23 metals in the study sample are described in online supplementary table S1. Among 23 metals, most can be quantified in almost all samples except for tin and lead.
Pulmonary function and urinary metals
The associations of metals with pulmonary function are presented in online supplementary table S2. After adjusting for age, gender, height, smoking status, pack year, alcohol status, body mass index (BMI), exercise and urinary creatinine, significant dose-response associations of urinary iron with elevated FEV 1 and FEV 1 / FVC ratio, urinary vanadium with increased FEV 1 , and urinary copper and selenium with increased FEV 1 /FVC ratio were seen, while urinary lead with decreased FEV 1 / FVC ratio was observed (all P for trend <0.05). For example, relative to the referent (first quartile), the regression coefficients (95% CIs) of FEV 1 and FEV 1 / FVC ratio in the fourth quintile of urinary iron were 0.085 (0.029 to 0.141) and 1.796 (0.742 to 2.850), respectively; the regression coefficients (95% CIs) of FEV 1 /FVC ratio in the third and fourth quartiles of urinary copper were 1.745 (0.697 to 2.793) and 1.328 (0.187 to 2.468), respectively; and the regression coefficient (95% CIs) in the third quartile of selenium was 1.348 (0.230 to 2.467). In contrast, compared with participants with urinary lead in the lowest quartile, decreased regression coefficients (95% CIs) were estimated for FEV 1 /FVC ratio in participants with urinary lead in the fourth quartile (β=−1.286; 95% CIs: −2.355 to −0.216). However, after additional adjusting for multiple hypothesis testing, only urinary iron was dosedependently associated with FEV 1 /FVC.
RLD and urinary metals
We found that urinary zinc levels were dose-dependently associated with increased RLD risk after adjusting for potential cofounders ( p<0.05). However, a significant association was not obtained after additional adjusting for multiple hypothesis testing. We also found that participants in the fourth quartile of urinary copper had a significant increase in RLD risk (ORs=1.394, 95% CIs 1.018 to 1.909) compared with those in the first quartile, but there was a lack of dose-response trends. The results can be found in online supplementary table S3.
OLD and urinary metals
The results of association between OLD and 23 urinary metals are shown in online supplementary table S4. We found that urinary metals were not associated with OLD risk in multivariable models. However, results showed that there were dose-response associations of urinary iron and lead, with decreased and increased prevalence of COPD, respectively (both p<0.05). As seen in table 2, the ORs and 95% CIs for the second through fourth quartiles relative to the referent of urinary iron were 0.431 (0.222 to 0.835), 0.405 (0.210 to 0.781) and 0.335 Interaction of urinary metals and smoking status Subsequently, we investigated the difference in urinary levels of 23 metals among participants with different smoking status by multivariate analysis of covariance after adjusting for age, gender, BMI, alcohol status, exercise and urinary creatinine, and found that urinary nickel, zinc, cadmium, barium and lead levels were significantly higher in current smokers than those in neversmokers (FDR adjusted p<0.05 or 0.001, respectively, online supplementary table S5). We then examined the interaction effects of smoking status with vanadium, iron, copper, selenium, lead and cadmium on pulmonary function. Significant interactions of smoking status with lead on FEV 1 /FVC ratio, and cadmium on FVC and FEV 1 , were observed (all P for interaction <0.05; figure 1 ). Among current and former smokers but not among participants who had never smoked, urinary lead was significantly associated with decreased FEV 1 /FVC ratio. Also, urinary cadmium was strikingly correlated with FVC among current smokers rather than among former and never-smokers. However, we did not find significant interaction of vanadium, iron, copper and selenium with smoking habits on the three pulmonary function parameters (data not shown).
DISCUSSION
We observed consistent evidence of dose-response associations of iron and lead with altered pulmonary function and COPD risk, in linear and in logistic regression models. We also found that zinc was dosedependently associated with RLD but not pulmonary function and OLD risk, while vanadium and selenium were significantly and dose-dependently associated with increased pulmonary function but not RLD and OLD risks, based on the large Chinese population of community residents. Although we did not observe significant dose-response association between copper and RLD, participants in the fourth quartile of copper had a significant increase in RLD risk compared with those in the first quartile.
Iron
Iron is an essential metal for haemoglobin synthesis of erythrocytes, oxidation-reduction reactions and cellular proliferation, while excess iron accumulation causes organ dysfunction through the production of reactive oxygen species. 18 Previous studies have suggested that there is positive association between serum iron and pulmonary function parameters among the US population and in male Japanese participants. 14 19 Consistently, we found in the population that significant associations existed between urinary iron and increased pulmonary function and decreased COPD risk. Our results suggested that current exposure levels of iron in our population did not contribute to airflow limitation but increased pulmonary function and COPD risk. Exposure to carbon monoxide from cigarette smoking and other routes can cause human disease, which was associated with a significant increase in haemoglobin levels. 20 In the present study, we also examined the correlation between urinary iron and serum haemoglobin levels among the total population, and participants stratified by smoking status. The results can be seen in online supplementary table S6. We found that urinary iron was significantly associated with decreased haemoglobin levels among the total population and never-smokers, but not among smokers, although there were higher levels of haemoglobin in smokers than those in neversmokers (data not shown). It can be speculated that iron supplements may ameliorate damage induced by lowlevel exposure to carbon monoxide.
Vanadium, copper and zinc
Vanadium, copper and zinc have all been established as essential micronutrients and have numerous structural and biochemical roles in human health. [21] [22] [23] Serum vanadium, copper and zinc were usually used as biomarkers to evaluate the deficiency of these elements in the human body. Imbalances (deficiency or excess) in the optimum levels of these elements may affect biological processes and can result in many diseases. In the present study, we also found that urinary vanadium was positively associated with FEV 1 . Nonetheless, there is currently little evidence suggesting that exposure to vanadium is associated with altered pulmonary function, despite a previous study indicating that occupational exposure to vanadium resulted in acute changes in pulmonary function. 24 Moreover, Pearson et al 13 found that serum copper was related to lower FEV 1 among a UK general population. However, we found a positive doseresponse association between urinary copper and FEV 1 / FVC among Chinese adults. We observed a dosedependent association between urinary zinc and RLD risk in the general population. A prior study suggested that sputum zinc was related to airway inflammation among participants with bronchiectasis. 25 No previous study has investigated the association between the three metals in blood and urine, and (or) suggested which biomarkers may be better to reflect internal exposure to these metals. Meanwhile, we are unable to exclude the possibility of dependent measure error due to multiple metals measured in the same urine sample by the same assay. 26 Thus, the present results and biological interpretations should be further investigated in future research.
Selenium
Selenium contributes to human antioxidant defences as an essential coenzyme in glutathione peroxides. Our results showed that urinary selenium was related to increased pulmonary function in the general Chinese population, which is consistent with previous studies suggesting the positive association of dietary and serum selenium with spirometric parameters in the general US and British population. 13 27 It has been suggested that pulmonary function may be impaired by both free radical and oxidant exposure, while antioxidant intake is positively related to pulmonary function. 28 Therefore, selenium intake may improve airflow obstruction by protecting against the injurious effects of free radicals or oxidants. 29 
Lead
Lead is undoubtedly one of the oldest toxins. Several studies have examined the relationship of exposure to lead with cardiopulmonary disease. 6 30 Only a recent study has shown that serum lead was associated with the increased risk of COPD in the National Health and Nutrition Examination Survey (NHANES) population and decreased FEV 1 among these participants was stratified by smoking status. 11 While the concentration of lead in blood was the most widely used indicator to monitor exposure, measurement of lead in urine has been used as a biomarker of internal dose, particularly for internal organic lead exposure. 31 32 In the current study, although the COPD prevalence of 2.8% in our population was lower than that in the NHANES population (12.4%), we still observed significant association of urinary lead with reduced FEV 1 /FVC ratio and increased COPD risk. The results were difficult to interpret, however, because the temporal sequence of causation could not be determined. Intriguingly, there were 3.5, 2.2 and 3.0 times higher geometric mean concentrations of urinary lead in our population as compared with those in the 2007-2008 NHANES, Belgian adult and Canada populations, respectively. [33] [34] [35] Similarly, a recent study indicated that New Yorkers of Chinese origin have higher lead exposures than New Yorkers of Chinese descent not born in Mainland China. 36 The reasons for the differences remain unclear and deserve further investigation. We speculated that the high levels of body lead burden in the Chinese population may at least in part be attributable to the high levels of airborne lead particles emitted mainly from heavy fuel oil, and therefore contribute to decreased pulmonary function in this population. 15 Toxicological evidence on the mechanisms of lead-induced pulmonary function impairment is sparse. Some evidence has suggested that lead may involve the direct formation of reactive oxygen species, depletion of the cellular antioxidant pool and have other effects. 37 Moreover, previous studies reported an association between oxidative stress and pulmonary function. 28 38 Therefore, it has been postulated that oxidative stress may mediate lead-induced pulmonary function impairment.
Effect modification
Smoking habits are important determinants in reduced pulmonary function and developed COPD. 39 Meanwhile, smokers have higher levels of toxic metals in their bodies. 40 Our results suggested that higher urinary levels of cadmium in current smokers are associated with impaired pulmonary function, which is consistent with previous findings of negative associations of urinary cadmium with pulmonary function among smokers in the US population.
9-11 A previous study indicated that the adverse association of lead with pulmonary function was stronger in current smokers than in never-smokers. 11 Similarly, our results revealed that there was an interaction between lead and smoking status, and a striking association with urinary lead was observed for decreased pulmonary function among these smokers but not among those without smoking.
Study limitations
First, a degree of measurement error may be present in this study due to multiple metals measured in the same urine sample by the same assay, coupled with using morning urine after overnight fasting instead of 24 h urine testing, which may be better for assessing the short-term variability in metal excretion and urine dilution. However, a 24 h urine collection, which is time consuming, cumbersome and improper, is less preferred than spot urine sample collection for biological monitoring of exposure in large population groups. Furthermore, the urinary level of metal adjusted for creatinine concentration in the present work may reduce the variability in the volume of urine and the metal content from void to void. Second, we did not evaluate the other confounders such as socioeconomic status and working environment. However, over-adjustments may also cause considerable bias. 41 Third, some metal concentrations in urine may not reflect real environmental exposure, and therefore result in possible exposure misclassification. Further research is needed to detect the associations using other biological specimens such as blood and hair. Finally, we estimated the levels of exposure to metals based on body burden data, which may not clarify the potential exposure pathway. Further works are required to identify the possible routes of metals exposure, especially for lead exposure.
CONCLUSION
Our findings provide the first evidence suggesting a dose-response association between environmental exposure to metals and spirometric parameters, and RLD and COPD, in the general Chinese population. Our results also illustrate that there are interactions of heavy metal with smoking status on altered pulmonary function.
